1.. Introduction: Stroke and its patho- physiology
==================================================

Stroke stands as one of the leading causes of death and long-term disability (<http://www.who.int/mediacentre/factsheets/fs310/en/index.html>). In view of present day lifestyle and socioeconomic burden, stroke continues to be one of the most challenging diseases. Stroke is considered a multifactorial and polygenomic condition \[[@r1]-[@r3]\]. It is affected by both modifiable, *viz*., diabetes, hypercholesterolemia, smoking, hypertension, atrial fibrillation, valvular heart disease, ischemic cardiomyopathy, and carotid stenosis, and non-modifiable factors, *viz*., age, gender, ethnic background and family history of cerebrovascular diseases \[[@r4]\]. Stroke is a pathophysiological condition that arises due to the blood flow interruption (ischemia) either by a thrombus or embolism or from a ruptured blood vessel (hemorrhage), resulting in depletion of oxygen and other essential nutrients that are vital for neural function and survival. This energy imbalance eventually induces dysfunction or cell death of brain cells that often results in neurological impairments depending on the size and location of the ischemic brain area.

The pathophysiology of cerebral ischemia is very complex and involves multiple interlinked processes like excitotoxicity associated ionic imbalance, oxidative stress, inflammation, apoptosis and mitochondrial dysfunction which leads to neural cell death. During cerebral ischemia, cell death occurs in the core region within minutes to hours *via* a necrotic pathway and in the penumbra region within days to weeks *via* an apoptotic pathway \[[@r5]\].

1.1.. Ionic Imbalance and Glutamate-mediated Excitotoxicity
-----------------------------------------------------------

The brain is ceaselessly dependent upon the steady flow of glucose and oxygen for energy production. During the onset of ischemia, reduced blood flow depletes glucose and oxygen levels, leading to decreased ATP production and functional disruption of Na^+^/K^+^ and Ca^2+^ ATPase ionic pumps present on the plasma membrane of neurons, which in turn results in membrane depolarization *via* the release of sodium and entry of calcium ions into the cell. Consequently, excessive calcium triggers activation of proteases, lipases, and DNAses that eventually leads to cell death in ischemic core. Moreover, an excitatory neurotransmitter glutamate plays a vital role in the membrane depolarization and pathophysiology of cerebral ischemia. Excessive synaptic glutamate, as a result of reduced uptake in ischemic insult, causes prolonged activation of NMDA and AMPA receptors, that in turn results in excessive calcium influx and membrane depolarization, leading to excitotoxicity \[[@r6]\].

1.2.. Oxidative Stress
----------------------

Oxidative stress is considered as an imbalance between the formation of reactive oxygen species (ROS), reactive nitrogen species (RNS) and antioxidant enzymes. This imbalance leads to the accumulation of oxidative damage *via* DNA, protein, and lipid oxidative modifications and impaired redox signaling, thus contributing to ischemic brain injury \[[@r7]-[@r12]\]. During cerebral ischemia, an increase in the influx of calcium and sodium ions and adenosine diphosphate (ADP) induces mitochondrial activity that can increase the production of ROS, further causing a destruction of cellular macromolecules and activation of apoptotic pathways. Various studies report that in mitochondria a DNA repair enzyme, apurinic/apyrimidinic endonuclease/redox factor-1 (APE/Ref-1), is a major target for redox signaling, leading to cerebral ischemic cell death \[[@r13], [@r14]\]. Nuclear factor erythroid 2-related factor 2 (NRF2), a key regulator of antioxidant-responsive genes, is altered in ischemia \[[@r15]\], and p21, a stabilizer of NRF2, is known to be associated with the apoptotic pathways induced post-ischemia \[[@r16]\]. Also, redox state of the cell regulates the nuclear factor kappa-light-chain-enhancer of activated B cells (NF-kB) transcription factor activation by pro-inflammatory cytokines, and the antioxidants can block this NF-kB activation by inhibiting the phosphorylation of nuclear factor of kappa light poly-peptide gene enhancer in B-cells inhibitor (IkB) in serine residue \[[@r17], [@r18]\].

1.3.. Inflammation
------------------

Ischemic injury triggers a rapid activation of the inflammatory cascade immediately after the onset of cerebral ischemia. Within first few hours of the stroke, an array of upregulated pro-inflammatory mediators like chemokines and cytokines are released from the damaged tissue, with increased expression of cell adhesion molecule (CAM) and subsequent transendothelial migration of inflammatory cells. Essentially interleukin-1 (IL-1), tumor necrosis factor-α (TNF-α) and Toll-like receptors (TLRs) perform an important role in stroke-induced neuro-inflammation \[[@r19], [@r20]\]. However, microglia and astrocytes play an essential role in stroke-induced neuro-inflammation, especially within the penumbra region. Microglial activation produces pro-inflammatory cytokines, toxic metabolites, and enzymes in the penumbra region. The overall role of glia including microglial and astrocytic products may vary at different time periods following cerebral ischemia with either protective or harmful factors occurring within hours to days to even weeks following the onset of cerebral ischemia \[[@r21]\].

1.4.. Apoptosis
---------------

Cerebral ischemia-induced cell death is a complex interplay of necrosis and apoptosis \[[@r22]\]. Within the ischemic core, due to ATP depletion, necrosis is the predominant form of cell death and in the penumbra region since it can sustain a mild injury and can preserve ATP, apoptosis predominates \[[@r23]\]. Ischemia induces apoptosis through alteration of various gene expression patterns of apoptotic mediators like Bcl-2-associated X protein (BAX), B-cell lymphoma 2 (BCL2), Bcl-2-associated death promoter (BAD), BH3 interacting domain death agonist (BID), *etc*. \[[@r24]\]. Cytochrome c (cyt *c*) released from the outer mitochondrial membrane, ionic imbalance, inflammation, mitochondrial and DNA damage can also initiate apoptosis \[[@r25]\].

1.5.. Mitochondrial Dysfunction
-------------------------------

The Mitochondrion is an organelle for energy production and calcium storage. There is a massive entry of Ca2+ ions into the cytoplasm as a result of a series of events and also from the endoplasmic reticulum (ER) *via* both inositol triphosphate receptors (IP3R) and ryanodine receptors. Thus, an increased inflow of Ca^2+^ ions into the mitochondrial matrix alters its permeability \[[@r26]\]. The Mitochondria Permeability Transition (MPT) pore opening \[[@r27]\] and the cyt *c* and pro-apoptotic factors' release into the cytoplasm result in the activation of caspase pathway causing neuronal cell death \[[@r28]\]. Heat shock proteins 70 (HSP70) family members have been shown to modulate the conductance of IP3R and ryanodine receptor Ca^2+^ channels \[[@r29]\].

Regulation of this entire ischemic cascade principally occurs at the transcriptional, post-transcriptional and post-translational level, involving numerous epigenetic factors.

2.. Experimental models of cerebral ischemia
============================================

2.1.. *In Vivo* Models of Ischemia
----------------------------------

Till date, many experimental models have been developed to mimic human stroke conditions. Rodent models are used to study the possible mechanisms of brain injury following several hours to days after ischemic events, and for in-depth studies of potential neuroprotection. Moreover, with rodents, there is a possibility of observing/measuring sensory and motor behavioral outcomes post-cerebral ischemia. There are two main categories of cerebral ischemic models reported, global ischemia and focal ischemia. Global cerebral ischemia occurs due to reduced blood flow throughout or most of the brain, while in focal cerebral ischemia, a minute blood flow is allowed to the central core of the ischemic region, with some blood reaching the brain *via* vertebral arteries \[[@r30]\]. The principal theme of these models is to reduce glucose and oxygen supply to brain tissue and study the possible mechanisms in the pathophysiologic condition.

Focal cerebral ischemia condition simulates human cerebral stroke condition whereas global ischemia is clinically more relevant to cardiac arrest and asphyxia. Focal cerebral ischemia model typically involves middle cerebral artery occlusion (MCAO), a major cerebral blood vessel, in rodents \[[@r31], [@r32]\] and large mammals \[[@r33]\]. The following are a few of the models that are extensively used to produce focal cerebral ischemia in rodents, dissect out mechanisms underlying the pathophysiology, and discover novel therapeutic targets and test the efficacy of novel compounds.

### 2.1.1.. Transient Middle Cerebral Artery Occlusion

Among all the available ischemic stroke models, the transient MCAO rodent model is the most frequently used due to lesser invasiveness, ease of performance, and reproducible territory infarct volume. In this model, MCA is occluded by the insertion of monofilament of varying length into the internal carotid artery up to the branch of MCA to block the blood flow as much as possible for 30-120 minutes followed by reperfusion by retracting the suture \[[@r34], [@r35]\]. This occlusion results in quite extensive damage to specific brain areas like striatum, hippocampus, and cortex, which subsequently leads to neuronal cell death by exacerbating the inflammatory response during reperfusion. This model has an advantage over permanent MCA occlusion model as lesion induced by more than 3-4 hours of ischemia cannot be reversed \[[@r36]\].

### 2.1.2.. Photothrombosis Model

This model represents an alternative approach to producing a blood vessel occlusion. To produce cortical infarct, thrombosis within a specific blood vessel is induced by systemic injection of photoactive dye especially Rose Bengal or erythrosin B in combination with irradiating of beam light at a particular wavelength \[[@r37]\]. The reaction between the light of the correct wavelength and the photoactive dye generates oxygen radicals, which cause peroxidation of endothelial lipids and blood elements that will lead to platelets activation and thrombosis within the irradiated area \[[@r38]\]. This model has an advantage as it can regulate the degree of damage and eventually ischemic lesion size, through the manipulation of both intensity of beam light and the concentration of photoactive dye. A major disadvantage of this model is that it lacks penumbra area due to vasogenic edema and the blood brain barrier (BBB) breakdown in the ischemic lesion area occurs within minutes \[[@r39]\]. However, photothrombotic ring model with varied beam light intensity and duration seems to induce cortical lesion along with penumbra \[[@r40]\].

### 2.1.3.. Endothelin-1 Stroke Model

Endothelin-1 produced by vascular endothelial cells is a potent vasoconstrictor \[[@r41]\]. The vasoconstrictor is injected stereotaxically and intracerebrally at the MCA site or adjacent to it in a dose-dependent manner \[[@r42], [@r43]\]. Reversibility of ischemia and less invasiveness are the advantages of this model. Moreover, it can induce ischemia comparable to MCAO model by controlling the extent and duration of ischemia.

### 2.1.4.. Thromboembolic Model

This model has higher relevance to human stroke conditions, as thromboembolism is the principal cause of stroke in humans \[[@r44]\]. Here, an autologous blood clot is injected in the extracranial artery to induce thromboembolic ischemia. A human blood clot is introduced into the common carotid artery or internal carotid artery to produce embolism \[[@r45], [@r46]\]. In most of the studies, multiple fibrin-rich autologous clots are injected simultaneously into the external carotid artery to avoid the problem of spontaneous recanalization after 3hr of embolism and to reduce cerebral blood flow which leads to histological damage in MCA territory \[[@r47]\].

2.2.. *In Vitro* Models of Ischemia
-----------------------------------

Even with the limitations like absence of blood vessels, blood flow and the differences in the composition and responsiveness of glial cells \[[@r48]\], isolated cells *in vitro* behave under substrate stress conditions strikingly similar to cells *in vivo* during stroke condition. *In vitro* condition provides a highly controlled experimental system and helps in generating detail information on how cells respond to oxygen and glucose deprivation.

### 2.2.1.. Glucose Deprivation (GD) and Combined Oxygen-glucose Deprivation (OGD)

GD and OGD are general *in vitro* models of brain ischemia. In GD model, primary brain cell cultures and cultured slices are subjected to media lacking glucose. In OGD model, along with the media lacking glucose, a very low level of oxygen is supplied to the chamber for a fixed period followed by their restoration to imitate reperfusion \[[@r49]-[@r51]\]. Further, individual cell types and intact circuitry in the slices can be studied *in vitro*.

3.. Epigenetic Machinery
========================

Chromatin biology is one of the most exciting fields of biomedical science and translational research at present. Chromatin mostly comprises DNA, histone proteins and associated factors that together form a highly complex, compact and coiled superstructure that is dynamic in nature \[[@r52]\]. The basic unit of chromatin is the nucleosome, composed of DNA wrapped around an octamer of histone proteins H2A, H2B, H3, and H4, each in dimer form. The dynamic nature of chromatin structure involves local and global level modifications. Replacement of histone proteins in the octamer with its variants (*e.g*., H2A.Z) can alter the biophysical and biochemical properties of a nucleosome, influencing various processes like gene activation, chromosome segregation, and cell cycle progression \[[@r53]\]. All these modifications which are beyond genomics are called epigenetic and can modulate the gene expression by altering the chromatin structure in and around the genes, unfolding the information or repressing it.

Epigenetic changes can occur at various levels including DNA, post-transcriptional and post-translational levels *via* DNA methylation, microRNAs (miRNAs), and histone acetylation, methylation, phosphorylation, sumoylation, ubiquitination or ADP-ribosylation respectively (Fig. **[1](#F1){ref-type="fig"}**). In the promoter region, DNA methyltransferases (DNMTs) methylate DNA at CpG islands and confers localized gene repression by recruiting chromatin modifiers \[[@r54]\]. At post-transcriptional level a class of short (≈ 20-25 nucleotides) RNA molecules, miRNAs, can alter the translation of the mRNA by binding to it using the seed sequence (≈ 5-7 nucleotide long), which confers specificity to miRNA for the mRNA, and either impede or hasten its degradation. Mostly, miRNA binding sites are present at 3' untranslated region (UTR) of the mRNA but for a few in other regions of the mRNA \[[@r55], [@r56]\]. At post-translational level, at which mostly histones and a few non-histone proteins have been studied, acetylation and methylation are the most commonly reported modifications. Histone acetyltransferases (HATs) and histone deacetylases (HDACs) maintain the acetylated and deacetylated state of histone proteins respectively. HATs and HDACs add and remove an acetyl group respectively from the lysine group of a lysine-rich amino-terminal tail of histones. Acetylation of histone proteins results in charge neutralization and reduction in association with the negatively charged DNA, resulting in a more relax and open form of chromatin that can allow free binding of transcription factors and co-activators to facilitate active transcription. Based on the structure, sequence homology and domain organization, HDACs are categorized into four classes. Class I (HDAC 1-3 and 8), class II (HDAC 4-7, 9, and 10), and class IV (HDAC 11) HDACs are zinc-dependent while class III (Sirtuin 1-7) HDACs are nicotinamide adenine dinucleotide (NAD) dependent. Similar to acetylation-deacetylation, methylation and demethylation are also maintained by histone methyltransferases (HMTs) and histone demethylases (HDMs) respectively. However, contrary to acetylation, methylation either induces or represses gene expression based on the type of methylated residue (lysine or arginine) in histones and the number and the position of methyl groups added to the residue \[[@r57]\].

Similar to the "one to many and many to one" relationship, a single modification can recruit many effector molecules and can engage in multifaceted response, while a crosstalk between the modifications mentioned above can form a hierarchy "code" and determine the functional genomics \[[@r58]\]. Many effector molecules identify the specific histone modifications through their protein domains (*e.g*., Tudor, PHD fingers, chromodomains, and bromodomains), and can alter the interaction between the chromatin and the multimeric complexes which promote nucleosome repositioning \[*e.g*., SWItch/Sucrose NonFermentable (SWI/SNF)\] and higher order chromatin remodeling (*e.g*., PcG) \[[@r59]\]. The histone-modifying enzymes, transcription factors, and effectors can act alone or together as part of the macro- molecular epigenetic regulatory complexes, such as the Repressor Element-1 Silencing Transcription factor (REST)/ Neuron-Restrictive Silencer Factor (NRSF) complex \[[@r60]\].

4.. Epigenetics and cerebral ischemia
=====================================

Accumulating evidence suggests that epigenetic modifications play a role in the etiology and progression of neuropsychiatric diseases \[[@r61], [@r62]\], neurodegenerative disorders \[[@r63], [@r64]\], and neurodevelopmental processes \[[@r65], [@r66]\]. However, for cell survival and homeostasis, a regulated and coordinated expression of genes is imperative. Pathophysiological condition (*e.g*., ischemia) may induce and/or repress genes and thereby lead to activation of protective and/or harmful pathways in the cell \[[@r67]\]. Recent investigations have implicated the role of epigenetic mechanisms in ischemia-induced brain damage. Molecular studies using various models of stroke in rodents have shown that the global amount of DNA methylation increases after an ischemic insult, and this increase correlates with the augmented brain injury \[[@r68], [@r69]\]. At the post-transcriptional level, it has been estimated that miRNAs regulate at least 30% of protein-coding genes, and several recent studies have demonstrated the alterations in the cerebral "miRNA-ome" following ischemia/reperfusion \[[@r70]-[@r72]\]. At post-translational level, acetylation of histone proteins has been extensively studied, and to an extent their methylation in ischemic condition. A general decrease in H3 and H4 acetylation has been observed in and around the ischemic core region. Histone 2AX is phosphorylated upon oxidative stress and accumulates with the progressing injury \[[@r73]\]. The macromolecular complex RESTis a master transcription and epigenetic regulator that has been shown to be deregulated following ischemia and reperfusion, resulting in altered expression of an extensive repertoire of protein-coding \[[@r60], [@r74]\] and non-coding genes \[[@r75], [@r76]\]. Studies of epigenetic mechanisms in stroke are in their infancy but offer a great promise for a better unders- tanding of stroke pathology and the potential viability of new strategies for its treatment. The potential involvements of epigenetic mechanisms at the onset and during the stroke recovery at different levels of epigenetic machinery are described below.

4.1.. DNA Methylation
---------------------

Cerebral ischemia leads to a massive alteration in gene expression \[[@r67], [@r77]\] to restore the cellular damage in the ischemic core region. The DNA methylation based epigenetic mechanism responsible for an increase in CpG island methylation regulates specific and global gene expression by transcriptional inhibition. There are reports of an increase in DNA methylation after an ischemic insult causing transcriptional repression of a large number of genes leading to an augmented brain injury \[[@r68], [@r69]\]. Mice expressing reduced levels of DNA methyltransferase 1 (DNMT1) in postmitotic neurons were protected from the ischemic brain injury while a complete absence failed to lead a functional recovery \[[@r68]\]. Reduced DNMT1 levels influence the chromatin structure and allow transcription factors (*e.g*. HIF-1) to bind and up-regulate expression of genes involved in neuroprotection. DNA methylation changes can occur at gene specific, promoter specific, or global level \[[@r78]\].

Recent studies also show that ischemia-induced production of ROS/RNS appears to modify CpG island methylation (which correlates with transcriptional inhibition) by converting 5-methylcytosine (5-mC) to 5-hydroxymethylcytosine (5-hmC), and alternatively regulates the methylation pattern by inhibiting the binding of Dnmt1 and MBP to DNA \[[@r79]-[@r81]\]. According to a recent clinical study, 5hmC was found to be increased in blood cell DNA from stroke patients \[[@r82]\]. Besides, peroxides also modify nucleobase that mimics 5-mC and induce improper Dnmt1 methylation that leads to gene silencing \[[@r83], [@r84]\].

4.2.. MicroRNA (miRNA)
----------------------

Few studies have reported the role of miRNA in the modulation of dendritic plasticity and neural growth \[[@r85]-[@r87]\] while others have reported altered miRNA expression profile in chronic neurological diseases like Alzheimer's \[[@r88]\] and schizophrenia \[[@r89]\]. It will be interesting to study the miRNA profile in acute cell stress condition, oxidative stress and stroke condition. Recent efforts in miRNA profiling have revealed the changes in miRNAs in the rat MCAO model \[[@r70], [@r71], [@r90]\], forebrain ischemia model \[[@r91]\], neural stem and progenitor cells (NSPCs) associated with stroke-induced neurogenesis \[[@r92]\], and in stroke patients \[[@r72]\]. NSPCs from the subventricular zone (SVZ) of ischemic animals showed a significant change in the top 10 enriched miRNAs compared to non-ischemic animals. A reduced level of the novel miRNA pc-17172 is suggested to be involved in stroke-induced neurogenesis \[[@r92]\]. In the rat MCAO model, there was an increase in miR-146a density in the subventricular zone and corpus callosum of the ischemic hemisphere \[[@r93]\]. In another rat MCAO model, an increase in miR-140, miR-145 and miR-331 was observed at three hours following reperfusion \[[@r90]\]. In an ischemic preconditioning study, about eight miRNAs, namely miR-200a, miR-200b, miR-200c, miR-141, miR-429, miR-182, miR-183 and miR-96, were found upregulated following three hours of reperfusion \[[@r94]\]. In a subsequent *in vitro* study, miR-200b, miR-200c and miR-429 were identified to be cytoprotective. Neuro-2a cells transfected with miR-200b and miR-200c resulted in increased neural cell survival when subjected to oxygen-glucose deprivation \[[@r94]\]. Levels of miR-15a were inversely related to the oxygen, glucose deprivation induced cerebral vascular endothelial cell death \[[@r95]\]. *In vivo* repression of miR-497 reduced MCAO model induced infarct volume and improved the neurological deficits \[[@r96]\]. miR-210 was found to be a salient component in the hypoxia response coordinated by HIF. Also, miR-210 is positively correlated with better prognosis in stroke patients \[[@r97]\]. miR-424 has shown neuroprotection against transient cerebral ischemia-reperfusion injury *via* reducing oxidative stress \[[@r98]\]. Also, vagus nerve stimulation can modulate redox state of the cell and show neuroprotection against cerebral ischemia *via* activating neuronal and astrocyte α7n acetylcholine receptor and most probably in association with increased miR-210 expression \[[@r99]\]. Further, miRNAs have also been suggested to regulate aquaporin gene expression in ischemic conditions, the molecule implicated in stroke pathophysiology \[[@r100]\].

Further to add complexity, spatial expression of miRNAs was observed, such as a regional expression of miR-121 in the ischemic penumbra \[[@r101]\] and an upregulation of miR-181a in hippocampus following 30 min of reperfusion. However, no change in brain miR-181 level was observed following either permanent focal ischemia \[[@r71]\] or transient focal ischemia \[[@r90]\]. Complementary expression of miR-181a and GRP78 protein, a chaperone that protects primary cultured astrocytes against ischemic injury, was found in both the core and penumbra. *In vitro* experiments show that miR-181a mimic increases GRP78 protein expression while miR-181a inhibitor decreases the level of the chaperone \[[@r102]\]. miR-15a and miR-497 contribute to the pathogenesis of ischemic injury by inhibiting the antiapoptotic gene BCL2 at translational level \[[@r95], [@r103]\]. In another study, miR-181a levels were negatively correlated with BCL2 and MCL1 protein levels, the pro-survival proteins \[[@r104]\]. A study based on luciferase reporter assay confirmed that BCL2 and MCL1 are the direct targets of mouse miR-181a \[[@r105]\]. Based on the computational miRNA target prediction algorithms (<http://targetscan.org>, Release 6.2), four miRNAs were found to target both HSP70 and BCL2 family members. miR-181 can target GRP78, BCL2, BIM, and MCL1, miR-30 can target GRP78, BCL2, and BIM, miR-200 can target GRP75 and BCL2 and miR-17 can target HSP73 and BCLw \[[@r104]\] (Table **[1](#T1){ref-type="table"}**). Further, there is a differential response between sexes in miR-23a levels in rats subjected to MCAO \[[@r106]\]. So, miRNA profiling studies might help in explaining the gender-based differences in ischemic response and outcome. Thus, miRNAs can be considered to serve as both biomarkers and therapeutic targets of ischemia.

4.3.. Histone Acetylation/Deacetylation
---------------------------------------

Global transcriptional repression, as reflected by a general decrease in H3 as well as H4 acetylation levels, has been reported in ischemic condition \[[@r108]-[@r117]\]. Therefore, activating HATs or inhibiting HDACs, the strategy to restore the acetylation of histones and gene transcription, may possibly ameliorate the condition.

A decrease in the substrate acetyl-CoA due to anaerobic metabolism in hypoxic condition might lead to inhibition of HAT activation \[[@r118]\]. However, there is also a report that HAT activity does not appear to be modified by cerebral ischemia \[[@r108]\]. To add to the complexity, HATs, CBP/p300, and SRC-1 are known to be involved in hypoxia-mediated transactivation of hypoxia inducible factor-1 (HIF-1) \[[@r118], [@r119]\]. On the contrary, genetic inhibition of a HAT, CBP/p300, shows neuroprotective effects after experimental global cerebral ischemia \[[@r120]\].

In MCAO, upregulation of HDAC 3, 6 and 11 in cortex occurs within hours after the stroke that lasts during early phases \[[@r121]\]. After a week, HDAC 1, 2 and 3 are still upregulated in the peri-infarct region, but not in the ischemic core \[[@r122]\]. In *in vitro* studies, 60 minutes after the OGD there is an increase in HDAC1, 2 and 3 in glial cells \[[@r122]\]. Whereas in both MCAO and OGD models there is an NADPH oxidase-mediated downregulation of other HDACs like HDAC4 and HDAC5 \[[@r123]\]. In the approaches to pin down the role of single HDAC isoforms in rodent models, HDAC 3 and 6 were identified as potential mediators of neurotoxicity \[[@r121]\]. HDACs play different roles in oxidative stress following stroke. Cerebral ischemia/reperfusion injury deteriorated the HDAC2-FOXO3a interaction *via* reducing phosphorylation at Ser 394 of HDAC2. In addition to this, H~2~O~2~ also reduced this interaction in cerebellar granule neurons and resulted in increased H4K16 Ac in the p21 promoter region and upregulated its expression, leading to oxidative stress-induced neuronal cell death \[[@r124]\]. Transient MCAO and prolonged OGD resulted in a reduction in the expression of one of the Class III family of HDACs, *i.e*. SIRT1 \[[@r125], [@r126]\], whereas, short OGD and moderate ischemic insults failed to alter SIRT1 expression \[[@r127]\]. On the other hand, there is a protective effect of SIRT1 upregulation in stroke condition \[[@r126]\] which might be through its non-histone targets \[[@r128]\]. In a genome-wide association study in human, a new association was found between HDAC 9 and the large vessel stroke, one of the brain infarct subtypes. Accordingly, carriers of the A-allele (about 9% of the population) as well as homozygous carriers (1% of the population) have an increased chance of stroke \[[@r129], [@r130]\].

4.4.. Histone Methylation/Demethylation
---------------------------------------

In ischemia, the glutamate receptor 2 (GluR2) gene is repressed and is associated with H3K9 deacetylation and rise in H3K9 dimethylation over its promoter in hippocampal CA1 neurons. Recently it has been reported that inhibition of transcriptional repressor at the level of histone methylation can promote neuronal survival in cerebral ischemia *in vitro* model. Also, pharmacological inhibition of histone methyl- transferases like SUV39H1 and G9a can significantly improve neuronal survival after OGD in *in vitro* ischemia model \[[@r131], [@r132]\].

Our own study using mild ischemia model in CD1 mouse shows dysregulation of many histone lysine methylases (HMTs) and few of histone lysine demethylases (HDMs) at various time intervals post-ICAO (internal carotid artery occlusion) \[[@r133]\]. This causes significant attenuation in the transcriptionally repressive epigenetic modification H3K9me2, in the affected striatal region 1d post-ICAO. Sudden decrease in this transcriptionally repressive H3K9me2 in early hours of acute ischemic insult also appears to be due to an increase in the transcription of one of the JMJD2 or HDM4 family member of HDMs. Administration of few inhibitors of JMJD2/ HDM4 lysine demethylases during the stroke induction in mice significantly improved the stroke-induced neurological deficit and reduced the apoptotic cell death by restoring the perturbed H3K9me2 level in the affected striatum. These findings \[[@r133]\] suggest a critical role of epigenetic regulatory mechanisms involving histone lysine methylation and demethylation in stroke-induced damage and subsequent repair.

Jumonji C (JmjC) domain-containing histone demethylases belong to the Fe(II) and 2-oxoglutarate-dependent oxygenase family \[[@r134]\]. These HDMs catalyze the demethylation of histone lysine residue and require molecular oxygen for their function. However, various reports show that in hypoxic condition, JmjC activity is still maintained under reduced oxygen tension, and even its gene expression is strongly induced by HIF-1α in *in vitro* hypoxia model \[[@r135]\]. It has been suggested that this maintenance property of JmjC domain containing histone demethylase enzyme is due to the ferrous state of the enzyme, which contributes to its conserved activity in hypoxic condition too. Otherwise, the activation of ROS, superoxide, H~2~O~2,~ and peroxynitrite can readily oxidize ferrous to the ferric state. Ascorbate, an essential cofactor of this enzyme, also has a crucial role in maintaining it in the ferrous state in a reduced condition, which is required for the enzymatic activity \[[@r136]\]. However, ascorbate levels can change with the cellular redox state  and show a redox switch for JmjC histone demethylase enzymatic activity. This JmjC domain-containing histone demethylase is regulated by cellular redox state and directs antioxidant protection under oxidative stress conditions and apoptosis \[[@r137]\].

4.5.. REST, PcG & TrxG Proteins
-------------------------------

One of the most investigated epigenetic molecule in ischemia, Repressor Element-1 Silencing Transcription factor (REST) protein, also known as NRSF (Neuron-Restrictive Silencer Factor\], binds to SIN3 proteins (*i.e*., SIN3A and SIN3B) at its N-terminus and to the corepressor for element-1 silencing transcription factor (CoREST) protein at its C-terminus. SIN3 proteins are scaffolds and corepressors that, in turn, recruit HDAC1/2. Similarly, CoREST can recruit various factors, including HDAC1/2 and the histone H3K4 lysine demethylase, LSD1. REST also associates with the histone H3K9 methyltransferases, G9a, and SUV39H1; the SWI/SNF chromatin remodeling complex components, BRG1, BAF170, and BAF57 and the high mobility group protein BRAF35. REST can also associate with other epigenetic and regulatory cofactors implicated in DNA methylation and ncRNA regulation \[[@r138]\] (Fig. **[2](#F2){ref-type="fig"}**). This large machinery helps in changing histone modifications and higher-order chromatin remodeling. REST complex has been shown to be associated with the pathophysiology of ischemia and other disease conditions. In the neurons destined to die, REST complex was found upregulated, and the knockdown of REST rescued these post-ischemic neurons from cell death \[[@r131]\]. REST represses the expression of AMPA receptor subunit GluR2 and µ opioid receptor 1 (MOR-1) through deacetylation of histone H3 and H4 \[[@r131]\], deacetylation of histone H3 and H4 and also dimethylation of H3K9 \[[@r139]\] at their respective promoter regions. The deacetylation and methylation activity is probably mediated by HDAC1/2 and G9a respectively. SWI/SNF chromatin remodeling complexes serve as regulators of HIF and are considered critical mediators of cellular responses to ischemia \[[@r140]\].

Polycomb (PcG) and Trithorax (TrxG) group proteins form combinatorially assembled multi-subunit complexes with respective inhibitory and activating histone modifications. Polycomb repressor complexes (PRC) formed from PcG proteins is associated with gene silencing through di- and tri- methylation of H3K27 using histone methyltransferase activity of either the Enhancer of Zeste 1 or 2 (EZH1 or EZH2) catalytic subunits \[[@r141]\] (Fig. **[3](#F3){ref-type="fig"}**). In a study, proteomic analysis of ischemic preconditioned brain tissue found an increase in the levels of PcG proteins \[[@r142]\]. TrxG proteins assemble into complexes associated with gene activation using the H3K4 methyltransferase activity of MLL1 catalytic subunit \[[@r143]\]. These PRC and TrxG complexes are also functionally interrelated with multiple interactors, comprising those involved in DNA methylation and ncRNA regulation, in a cell type- and gene-specific manner \[[@r144]\].

So, from the recent epigenetic investigations in ischemia models, it can be concluded that targeting the key epigenetic molecules using pharmacological intervention may possibly rescue or mitigate the neural cell damage by activating or repressing the protective or harmful pathways respectively.

5.. Endogenous Recovery
=======================

In response to ischemic insult, the innate system activates mechanisms which can prevent, reduce or reverse the damage induced by ischemia. Neurogenesis, angiogenesis, and synaptic plasticity are part of the post-ischemic recovery mechanisms activated in response to ischemia.

5.1.. Neurogenesis
------------------

In adults, new neurons are generated from the endogenous neural stem and progenitor cells (NSPCs) in the subventricular zone (SVZ) lining the lateral ventricles, which migrate to the olfactory bulb to get integrated into the neuronal network. Neurogenesis is not only modified by physiological stimuli, but also by brain insults like stroke, traumatic brain injury, and epilepsy. Stroke not only causes ischemic cell death, but it also triggers regenerative processes in the tissue adjacent to the area of cell death. Stroke induces proliferation of endogenous NSPCs. These newly born  cells migrate into the damaged area and differentiate into cells with phenotypic markers of mature neurons \[[@r145]\]. Understanding the cellular and molecular mechanisms that play an important role in this neuronal regeneration can lead to novel therapeutics for brain injury in stroke and other conditions \[[@r146]\].

Most studies have focused on the activation of NSPC self-renewal, proliferation, migration, survival and synaptic plasticity by using growth factor such as BDNF \[[@r147]\]. However, epigenetic mechanisms also play a pivotal role in the neural cell proliferation and differentiation. Both *in vitro* and *in vivo* studies have implicated histone methylation and acetylation in neural lineage specification and maturation. Histone demethylase LSD1 has been demonstrated to regulate Neural Stem and Progenitor Cell (NSPCs) proliferation \[[@r148]\]. Of the PcG proteins, BMI1 mediates NSPC self-renewal, and proliferation \[[@r149]\] while EZH2 regulates the differentiation of NSPCs into oligodendrocytes (OLs) \[[@r150]\]. The TrxG protein, MLL1, has been shown to be required for neurogenesis, but not gliogenesis \[[@r151]\].

Several studies have also shown that modulation of histone acetylation by administering HDAC inhibitors (HDACi) such as Sodium Butyrate (SB), Valproate (VPA), and Trichostatin A (TSA) can modulate proliferation, differentiation, and associated processes. SB induces BDNF-receptor tyrosine kinase (TrkB)- dependent cell proliferation, migration, and differentiation \[[@r152]\]. VPA induces various proneuronal genes like NeuroD, Math1, Ngn1 and p15 to promote neural differentiation of hippocampal neural progenitor cells \[[@r153], [@r154]\] and TSA suppresses oligodendrocyte (OL) specific gene expression programs and prevents the progression of OL progenitor cells to post-mitotic OLs. These observations have led to the speculation that HDACi can enhance NSPC proliferation, migration, and differentiation in the brain after ischemic injury to help recover fast from the ischemic damage \[[@r152]\].

5.2.. Angiogenesis
------------------

Post-stroke angiogenesis is an endogenous recovery process associated with the increase in vascular endothelial growth factor (VEGF) mediated by transcription factor HIF-1. In this short-lived event, the expression of thrombospondin-1 (TSP1), an endogenous angiostatic factor, is downregulated by DNA methylation at its promoter region \[[@r155]\]. There  is also an alteration in the expression of the matrix metalloprotease (MMP) family members MMP 2 and 9, which have pro-angiogenic \[[@r114]\] and blood-brain barrier (BBB) disruption \[[@r156]\] properties, depending on the time point post-stroke. In post-stroke HDACi treatment, enhanced microvessel density and increased relative cerebral blood flow are attributed to HIF-1 activation and its downstream VEGF. Additionally, MMP 2 and 9 protein levels are also found increased \[[@r114]\].

5.3.. Synaptic Plasticity
-------------------------

Ischemia can induce plasticity through cortical reorganization at structural and functional levels, leading to functional recovery \[[@r157], [@r158]\]. The increase in excitability around cortical ischemic lesions possibly results from a decrease in GABAergic inhibitory activity \[[@r159]\]. Results from non-invasive techniques support the hypothesis that an increase in neuronal excitability in non-injured brain areas may contribute to clinical recovery after a stroke \[[@r160]\]. Preconditioning with sub-lethal ischemia induces a neuroprotective form of neuronal plasticity which provides tolerance to subsequent lethal ischemia \[[@r161]\]. In gerbils, preconditioning ischemia a few days before a longer period of forebrain ischemia protects against neuronal death \[[@r162]\]. Ischemia-induced long-term potentiation (LTP) mimics physiological LTP induction by the expression of calcium-permeable AMPARs (CP-AMPARs) at synapses and activation of adenosine A~2A~ receptors (A~2A~Rs) \[[@r163]\]. Epigenetic dysregulation is a common theme in disorders of synaptic plasticity and cognition including neurodegenerative disorders \[Parkinson's disease (PD) and ischemia\] and mood disorders (depression and anxiety). Evidence exists to suggest that the epigenetic regulator REST actively represses a large array of neural-specific genes essential for synaptic plasticity including synaptic vesicle proteins, structural proteins, voltage-gated channels, and ligand-gated receptors \[[@r164], [@r165]\].

6.. Pharmacological intervention
================================

Various compounds are currently known to mitigate ischemia-induced damage in experimental animal models. However, clinical trial results have not been reassuring  with regard to their potential toxic side-effects \[[@r166]\]. As  of now, the only globally approved treatment for stroke is the time-dependent thrombolytic therapy, *i.e*. intravenous administration of tissue plasminogen activator (tPA) within 4.5hr post-injury. Its beneficial effects warrant recovery bypassing the risk of hemorrhage \[[@r167], [@r168]\]. Therefore, there is a requisite for intense research to find the potential targets and drugs towards surpassing the limitations posed by the complexity of the condition and the limited therapeutic window, and towards negligible side-effects. Here, we review the molecules that have shown potential to treat ischemic conditions through targeting different components of epigenetic machinery.

6.1.. DNA Methylation
---------------------

There are reports which suggest that pharmacological inhibition of DNA methyltransferase by 5-aza-2′-deoxycytidine alters the transcriptional processes at the epigenetic level and can reduce neurobehavioral deficits in models of ischemia \[[@r69]\].

6.2.. Micro RNA
---------------

In ischemic condition, a few of the numerous altered miRNAs target chaperone and BCL2 families of proteins. The miRNA levels can be altered using mimics and inhibitors or antagomirs which can increase and decrease the effective levels of a miRNA, respectively. An anti-miRNA (miravirsen or SPC3649) targeting a liver miRNA, miR-122, is being developed as a hepatitis C therapy. SPC3649 is in Phase IIa clinical trials (sataris.com). In other conditions like lung cancer and ischemic heart disease, miR-34a \[[@r169]\] and miR-210 \[[@r170]\] are targeted, respectively. Early miR-124 injection has been found to increased the polarization to  M2-like microglia/macrophages from M1-like microglia/ macrophages, resulting in a significantly increased neuronal survival with reduced lesion core \[[@r171]\]. Overexpression of miR-146a in NSPCs upon transfection of its mimics is known to significantly increase the percentage of neuronal marker positive neuroblasts \[[@r93]\]. Further studies are warranted on the potential use of miRNAs as therapeutic targets in ischemic condition, towards developing novel treatment strategy with higher specificity.

6.3.. Histone Modifications
---------------------------

Application of HDAC inhibitors (HDACi) can modulate the expression and alter the outcome at different levels of the ischemic pathophysiologic cascade, as these inhibitors have also been shown to protect oxidative neuronal cell death induced by peroxide addition/glutathione depletion \[[@r110]\] and ameliorate post-ischemic condition \[[@r109], [@r110], [@r172]\]. Other HDACi like hydroxamate-based HDACi act *via* HDAC-independent mechanism and reduce neuronal cell death induced by oxidative stress. This mechanism involves *in situ* formation of hydroxamate-iron complexes that catalyze  the decomposition of H~2~O~2~ \[[@r173]\]. Pre-treatment with the HDACi VPA has been shown to prevent glutamate-induced excitotoxicity in cortical neurons \[[@r174]\] and cerebellar granular neurons in an *in vitro* model \[[@r175], [@r176]\]. HDACi administration has also been found to preserve the white matter functioning and to stimulate astrocytic glutamate uptake in an OGD model \[[@r177]\]. Treatment of astrocytes with the HDACi TSA is known to result in an increased glutamate uptake, with an increase in the GluR1 and GluR2 expression \[[@r178]\]. Pretreatment with various HDACi increases the expression of NRF2 and the associated antioxidant-responsive genes in an *in vitro* model of stroke by repressing the NRF2 suppressor Keap1 \[[@r15]\]. It also enhances p21 promoter acetylation and its expression \[[@r110]\]. HDAC4 activity appears to be required for the suppression of p21 activity, suggesting that it acts as a potential and a selective target of HDACi \[[@r179]\]. Resveratrol, a modulator of sirtuin activity, acetylates NRF2 protein, a critical transcription factor targeting antioxidant genes and responses, and thereby provides cell protection \[[@r180]\].

Administration of the HDACi VPA or sodium 4-phenylbutyrate (SB) suppresses microglial activation and other inflammatory markers like monocytes and macro- phages in stroke \[[@r109], [@r115]\]. VPA treatment induces HSP70 transcription, as reflected by an increase in H3K4 methylation at its promoter region \[[@r181]\]. HSP70 participates in protein folding and is involved in both pro and anti- inflammatory processes depending on the cell type, context, and location \[[@r182]\]. HDACi treatment upregulates the pro-survival proteins like BCL-2 and BCL-xL \[[@r108], [@r109], [@r111]\] and downregulates the pro-apoptotic players like BAX \[[@r183]\] and Caspase 3 (CASP3) \[[@r112]\]. Further, administration of SB has been shown to decrease the phosphorylation of eIF2α and endoplasmic reticulum stress-induced cell death, like C/EBP homology protein (CHOP) \[[@r172]\].

Suberoylanilide hydroxamic acid (SAHA) and TSA treatments have shown neuroprotection in ischemic models, as reflected by a decrease in infarct volume and an increase in histone acetylation levels \[[@r108], [@r116]\]. Moreover, SAHA and TSA cause a dose-dependent effect, with upregulation of the neuroprotective genes BCL-2 and HSP70 \[[@r112]\] and protein gelsolin \[[@r116]\]. Besides increasing histone acetylation levels, HDACis also affect histone methylation levels and miRNA pathways \[[@r184]\]. Our own recent study also suggests that SAHA plays a neuroprotective role in ICAO, a mild to moderate ischemia model in mouse. In this model, SAHA attenuates the increased expression of IL-1α and CASP3, with a concomitant increase in H3K9K14ac level in the affected striatum region, 1d post-ICAO \[[@r117]\].

Pan-HDACi and Class I HDACi increase histone 3 lysine 4 (H3K4) di- and trimethylation (me2/me3) and decrease the repressive H3K9me2 marks, a typical epigenetic change reflecting transcriptional activation \[[@r181], [@r185]\]. Notably, HDACis do not always confer protection as HDAC1 inhibition or loss also induces p25/CDK5 activation, DNA damage and neuronal cell death \[[@r186]\]. Specific knockdown of HDAC 3 and 6 in an *in vitro* model of stroke, the oxygen-glucose deprivation (OGD) model, has been shown to enhance the survival of cortical neurons \[[@r121]\]. In an oxidative stress model, selective inhibition of HDAC 6 alone has been found to result in attenuation of cell damage, comparable to the effect of pan-HDAC inhibition \[[@r187]\]. Therefore, inhibitors which can selectively target individual HDAC need to be developed to reduce the side-effects of pan HDACi. It is notable here that effects of HDACi also depend on dosage, timing, and route of administration.

6.4.. REST, PcG & TrxG Proteins
-------------------------------

2-aminothiazole derivatives inhibit REST activity and cause upregulation expression of the target genes \[[@r188]-[@r190]\]. LSD1, a member of amine oxidase enzyme superfamily, is a histone lysine demethylase, the activity of which is inhibited by monoamine oxidase (MAO) inhibitors \[[@r191], [@r192]\] and polyamine analogs \[[@r193], [@r194]\]. The activity of histone methyltransferase G9a and SUV39H1 is inhibited by BIX-01294, UNC0224 and UNC0321 \[[@r125], [@r195], [@r196]\], and Chaetocin \[[@r197]\], in that order. The S-adenosylhomocysteine hydrolase inhibitor 3-deazaneplanocin causes a reduction in cellular levels of the PRC2 components, EZH2, SUZ12,  and EED, an inhibition of H3K27 methylation, and an upregulation of PRC2 target genes \[[@r198]\]. Similarly, dietary omega-3 polyunsaturated fatty acids (PUFAs) downregulate EZH2, probably through post-translational mechanisms decreasing H3K27me3 and upregulating EZH2 target genes \[[@r199], [@r200]\]. Levels of MLL1 are increased and decreased by deoxynivalenol \[[@r201]\] and radicicol \[[@r202]\], respectively. Interaction with WDR5 is important for H3K4 methyl- transferase activity of MLL1, and two 3-mer peptides, Ac-ARA-NH2, and Ac-ART-NH2 are known to inhibit the interaction between MLL1 and WDR5 \[[@r203]\] (Table **[2](#T2){ref-type="table"}**).

Conclusion
==========

Targeting epigenetic machinery by repressing or activating a few critical epigenetic regulators using enzyme inhibitors, small molecules, mimics and antagomirs of miRNA, *etc*. may not only prevent and mitigate the damage caused by the ischemic insult and oxidative stress following the stroke but may also ameliorate the post-stroke conditions by inducing neurogenesis, angiogenesis, and synaptic plasticity. The Neuron-damaging effects of oxygen radicals strengthen the evidence supporting a role of redox signaling, and its targets like mitochondrial cytochrome c release, DNA repair enzymes, and transcription factors, in neuronal apoptotic cell death. Several HDACis have shown promising results in medical conditions like cancer, and are at various phases of clinical trials, with a few making it to the clinics (just one, Vorinostat). HDACis have also shown beneficial effects in ischemic condition, in *in vitro* and *in vivo* models. Validation of these results in clinical trials would be crucial towards the potential therapeutic use of HDACi in human neurological condition. As of now, clinical trials with HDACi have not been conducted in stroke (sources: [www.clinicaltrials.gov](http://www.clinicaltrials.gov), [www.ncbi.nlm.nih.gov/pubmed/](http://www.ncbi.nlm.nih.gov/pubmed/)). Using computational biology tools, small molecules can be designed against specific targets to reduce the off-target effects and associated side-effects. Cumulatively, epigenetic mechanism offers a promising new therapeutic target in ischemia. Future studies are warranted to advance our understanding of epigenetic regulation in ischemic condition and in redox state following acute stroke.
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###### 

miRNAs and their predicted targets \[[@r107]\].

  **miRNAs**   **Targets**                                       
  ------------ ------------------------------------ ------------ -----
  miRNA-181    GRP78 (Endoplasmic reticulum form)   BCL2, MCL1   BIM
  miRNA-30     GRP78 (Endoplasmic reticulum form)   BCL2         BIM
  miRNA-200    GRP75 (Mitochondrial form)           BCL2         
  miRNA-17     HSP73 (Constitutive)                 BCLw         

###### 

REST complex, PcG & TrxG proteins, and their modifying agents \[[@r138]\].

  ---------------------------------------------------------------------------------------------------------------------
  **Macromolecular Complex**        **Protein**                           **Modifying Agent**
  --------------------------------- ------------------------------------- ---------------------------------------------
  REST complex                      REST                                  2-aminothiazole derivatives

  LSD1                              Monoamine oxidase (MAO) inhibitors\   
                                    Polyamine analogs                     

  G9a                               **Small molecules:**\                 
                                    BIX-01294, UNC0224 and, UNC0321       

  SUV39H1                           Chaetocin (Mycotoxin)                 

  Polycomb (PcG) proteins           PRC2 (EZH2, SUZ12 & EED)              3-deazaneplanocin (DZNep)\
                                                                          Omega-3 polyunsaturated fatty acids (PUFAs)

  Trithorax (TrxG) group proteins   MLL1 and WDR5                         Deoxynivalenol (Mycotoxin)\
                                                                          Radicicol\
                                                                          3-mer peptides (Ac-ARA-NH2 & Ac-ART-NH2)
  ---------------------------------------------------------------------------------------------------------------------
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